We used phylogenetic analyses of mitochondrial genes, cytochrome-b, and reduced nicotinamide adenine dinucleotide dehydrogenase 2 (ND2) to test the recent proposal that 3 species of large-footed Myotis (adversus, macropus, and moluccarum) occur in Australia. Analyses show that all Australian populations of large-footed Myotis form a monophyletic group to the exclusion of a group containing Indonesian populations of M. adversus. The haplotype divergence between these 2 groups is high (11.8-12.2%) and is comparable with typical species-level divergences in Chiroptera. Within Australia, 2 recently diverged monophyletic groups of haplotypes are found that are not concordant in geographic distribution with species boundaries based on morphology. Analysis of these data suggests that only a single species of large-footed Myotis occurs in Australia, and because this species is taxonomically distinct from M. adversus in Indonesia, it should be known as M. macropus. Our data also show that 2 species of Myotis occur in Papua New Guinea.
The genus Myotis (Chiroptera: Vespertilionidae) is widely distributed in the Americas, Africa, Eurasia, and Australia, with about 84 species recognized (Koopman 1994) . Until a recent taxonomic revision by Kitchener et al. (1995) , 2 species of Myotis had been recorded from Australia; M. adversus Horsfield (1824), a large-footed form in the subgenus Leuconoe, and M. australis Dobson (1878), a small-footed form in the subgenus Selysius. Two subspecies of M. adversus also were recognized, M. a. moluccarum in the north and M. a. macropus in the south and east (Richards 1995) . Outside Australia, M. adversus was considered to have a wide distribution, * Correspondent: cooper.steve@saugov.sa.gov.au ranging from Taiwan, Malaysia, Sulawesi, Indonesia, Papua New Guinea (PNG), and the Solomon Islands, to coastal Australia (Fig. 1) . M. australis is known only by the type specimen collected near Sydney in New South Wales (NSW). In the absence of any available tissues from M. australis, the following paper concerns only the systematics of the large-footed Myotis.
In a taxonomic revision of M. adversus from Australia, Indonesia, New Guinea, and the Solomon Islands, using comparisons of cranial, external, and bacular morphology, Kitchener et al. (1995) split M. adversus into 3 species: M. adversus from NSW and Indonesia, M. moluccarum from northern Australia and New Guinea, and M. Kitchener et al. (1995) and collection localities for our samples. Numbers refer to collection locations (Table 1) . Symbols are: circle (M. macropus, southern clade), triangle (M. macropus, northern clade), cross (Myotis sp. 1), arrow (M. adversus), square (Myotis sp. 2). Abbreviations for states and countries are: WA (Western Australia), NT (Northern Territory), SA (South Australia), VIC (Victoria), NSW (New South Wales), QLD (Queensland), IND (Indonesia), PNG (Papua New Guinea), VAN (Vanuatu) .
macropus from Victoria and South Australia. M. adversus was noted to occur throughout Indonesia and consist of 3 subspecies: M. a. adversus, M. a. tanimbarensis (endemic to Yamdena Island), and M. a. wetarensis (endemic to Wetar Island). It also was suggested that a specimen of M. adversus from NSW may represent a distinct subspecies, but that was not formally described. Kitchener et al. (1995) Although the systematic changes published by Kitchener et al. (1995) have been adopted widely by government agencies within Australia, some authors either have rejected them (Churchill 1998) or have expressed doubt about some aspects of the study (Reardon 1999) . Of particular concern has been the identification of a single specimen from northern NSW as M. adversus. The occurrence of adversus in NSW seems doubtful because its closest known conspecific population occurs in Indonesia, with the intervening region of northern and eastern Australia containing M. moluccarum. Kitchener et al. (1995) seemed tenta-tive with that identification, perhaps because it was based on a single specimen. This NSW specimen may represent a natural morphologic variant of either M. moluccarum or M. macropus, but this was not apparent because of the limited sampling of Myotis from NSW. M. moluccarum occurs at 27Њ28ЈS in QLD, close to the site where the putative adversus specimen was obtained in northern NSW (28Њ39ЈS) and may extend its range into northern NSW. M. macropus also may occur in NSW, but this was not determined by Kitchener et al. (1995) .
Implications of the revision by Kitchener et al. (1995) are of both conservation and legal significance (Duncan et al. 1999) . Given that some doubt has been expressed about the validity of the 1995 revision, further research is required to clarify the taxonomy and distribution of the 3 species, and hence their conservation status, in Australia. We studied the large-footed Myotis from populations in Australia, Indonesia, and PNG using mitochondrial DNA (mtDNA) to investigate the species boundaries proposed by Kitchener et al. (1995) . This maternally inherited genetic marker has been shown to be highly informative in studies of species boundaries and population structure in a wide variety of organisms including bats (Cooper et al. 1998; Hillis et al. 1996; Worthington Wilmer et al. 1994 ).
MATERIALS AND METHODS
Specimens and DNA extractions.-A complete list of specimens used in our study is given in Table 1 , and collection localities are shown in Fig 1. Tissue from a specimen of Myotis from NSW (AM M13250), and specimens from Western Australia, Indonesia, and QLD were the same ones used in the study of Kitchener et al. (1995) . A tissue sample from M. horsfieldii (WAM M30013) and an outgroup taxon, Vespadelus regulus (SAM M17799), also were obtained. DNA was extracted from liver (0.2 g) using a standard phenol-chloroform extraction protocol (Sambrook et al. 1989) . DNA was extracted from wing-punch tissue or liver samples from museum specimens using a salt-extraction protocol (Miller et al. 1988) , or by Chelex extraction (Walsh et al. 1991) .
Choice of mtDNA marker.-We initially chose the control region as an appropriate marker for population-sister species-level analyses of Myotis, based on results from a study of the bat species Rhinolophus megaphyllus and R. philippinensus (Cooper et al. 1998) . However, in a study of the mitochondrial control region of the bat M. myotis, Petri et al. (1996) reported extreme sequence heteroplasmy resulting from multiple copies of an 82-base pair (bp) repeated region. In a pilot study, we also observed multiple bands in 3 individuals and detected an 81-bp repeat of similar sequence to M. myotis in the control region (data not shown). To avoid potential sequencing and alignment problems, we chose to use reduced nicotinamide adenine dinucleotide dehydrogenase 2 (ND2) and cytochrome-b for our study of M. adversus.
Polymerase chain reaction amplification and DNA sequencing.-ND2 sequences were amplified by polymerase chain reaction (PCR) with primers M190 (5ЈGTGCTAGTGGAAGTAT-TAGTGTTGA3Ј) and M191 (5ЈTAACATATA-ATCCAACTATAACCCT3Ј). A small region of the ND2 gene also was amplified from museum specimens with the primers M261 (5ЈCCCTCTAACCGGATTCCTC3Ј) and M262 (5ЈGTAGTGTATGTGATTCGTGTGTA3Ј). Cytochrome-b sequences were amplified by PCR with primers M5 (H15149) and M6 (L14841- Kocher et al. 1989) .
The PCR amplifications were carried out in 50-l reaction volumes consisting of 1ϫ reaction buffer (Promega, Madison, Wisconsin), 4 mM MgCl 2 , 0.8 mM deoxynucleoside triphosphates, 0.2 mM of each primer, 0.75 units of Taq polymerase (Promega), and 50-100 ng of template DNA. PCR amplifications were carried out over 35 cycles (94ЊC, 15 s; 48ЊC, 30 s; 72ЊC, 1 min), followed by final incubation at 72ЊC for 6 min, on an FTS-320 thermal cycler (Corbett Research, Sydney, NSW, Australia). PCR products were purified using glass-milk (Geneworks, Adelaide, South Australia, Australia) and conditions specified by the manufacturer. Sequencing was performed with the PRISM DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems Inc., Foster City, California) in 20-l reaction volumes according to the manufacturer's instructions, using 0.2-1.0 g of purified PCR product, and 0.4 mM primers. Reactions were performed on a FTS-1 thermal cycler (Corbett Research) for 25 cycles (94ЊC, 30 s; 50ЊC, 15 s; 60ЊC, 4 min). Reaction products were purified by ethanol precipitation and sequenced on an ABI 373A DNA sequencer (Applied Biosystems Inc.). To provide evidence that the ND2 and cytochrome-b sequences were mitochondrial rather than a nuclear paralogue (Zhang and Hewitt 1996) , ND2 and cytochrome-b regions were sequenced from purified mtDNA and compared with sequences obtained from total cellular DNA. The mtDNA was purified from specimen SA4 using the method of Dowling et al. (1996) . Undiluted and 0.20 dilutions of the purified mtDNA were used to PCR amplify and sequence ND2 and cytochrome-b fragments with the primers M190/M191 and M5/M6, respectively. The purified mtDNA failed to amplify a region of the nuclear gene myoglobin using the primers MyoInt.C and Myo3F (Heslewood et al. 1998) , and PCR conditions that had been optimized to amplify this gene from total cellular DNA. Sequences of ND2 and cytochrome-b obtained from purified mtDNA were identical to corresponding sequences from total cellular DNA. Those results provided evidence that ND2 and cytochrome-b sequences were of mitochondrial rather than nuclear origin.
Restriction endonuclease digestions.-DNA, amplified by PCR with the primers M261/M262 (10 l), was digested with 4 units of MslI (New England Biolabs, Beverly, Massachusetts) in 1ϫ buffer 2 (New England Biolabs) at 37ЊC for 2 FIG. 2.-Sequence variation in cytochrome-b and nicotinamide adenine dinucleotide dehydrogenase 2 (ND2) genes for 9 haplotypes from Australian and Papua New Guinea populations used in phylogenetic analyses. Only variable sites with respect to the SA4 sequences (GenBank accession numbers: AY007526, AY007532) are shown. Sample locations for haplotypes are given in Table 1 . Haplotypes SA1-3, NNSW2, and SQLD3 are identical to SA4; MNSW2 ϭ MNSW1; NQLD2-3 ϭ NQLD1; WA3,5 ϭ WA1.
h. Digestion products were analyzed by electrophoresis on 1.5% agarose gels.
Phylogenetic and genetic divergence analyses.-Sequences were manually edited using the program SeqEd (Applied Biosystems Inc.) and multialigned by eye. Data matrices were used as input into the phylogenetic program PAUP version 4.0b2 (Swofford 1999) . Sequences used in phylogenetic analyses can be retrieved from GenBank under the accession numbers AY007526-AY007540 and derived from the haplotype variants in Fig. 2 . Minimum-length trees were generated using a heuristic search. Reliability of the tree topology was estimated using the bootstrap option in PAUP with 500 pseudoreplicates. Maximum-likelihood analyses used the HKY85 model (Hasegawa et al. 1985) with a Maximum-likelihood-estimated transition : transversion ratio of 3.13. Comparisons of alternative tree arrangements used Wilcoxon signed-rank tests (Templeton 1983) . Estimates of genetic diversity in populations using Kimura 2-parameter distances (Kimura 1980) were calculated with the program Arlequin version 1.1 (Schneider et al. 1997) .
RESULTS
Analysis of ND2 sequences.-ND2 sequences (321 bp) were obtained from 20 bats from 11 localities from across the range of Myotis in Australia; 2 individuals from PNG; M. adversus from Yamdena and Alor islands in Indonesia, and Vanuatu; M. horsfieldii; and an outgroup taxon, Vespadelus regulus (Table 1) . Of the 321 bp of sequence, 130 bp were variable and 69 bp were parsimony informative, with most of the variation occurring at 3rd codon positions. No evidence was found for base frequency heterogeneity among the taxa ( 2 ϭ 11.37, P ϭ 1.0).
For clarity of the phylogenetic analyses, sample localities in Australia were grouped into populations based on geographic regions, with labels reflecting state boundaries (Table 1 ; Fig. 1 ). Parsimony analysis of ND2 sequences produced a single most parsimonious tree of length 207, with a consistency index of 0.749 and retention index of 0.797 (Fig. 3A) . The tree showed presence of a single mtDNA clade containing all the Australian Myotis haplotypes and 1 PNG haplotype with high bootstrap support (97%). Within the Australian clade, 2 dis- Table 1 . Numbers on branches refer to percentages for 500 bootstrap pseudoreplicates; numbers in parentheses refer to sample locations in Fig. 1. tinct monophyletic groups were supported by high bootstrap values (Ͼ86%). One group contained haplotypes from populations in southern QLD, NSW, and South Australia (henceforth referred to as the southern clade), whereas the 2nd group contained haplotypes from Western Australia, northern QLD, and PNG populations (the northern clade). Outside the Australian mtDNA clade, 3 additional clades were observed, 1 containing haplotypes from Alor and Yamdena islands (bootstrap support ϭ 93%), and 2 clades containing a 2nd PNG haplotype (PNG2) and a haplotype from Vanuatu. The haplotype from M. horsfieldii formed a basal clade in the phylogeny relative to the other clades.
Average pairwise divergence (nucleotide diversity) among ND2 haplotypes of the southern clade was very low (0.06% Ϯ 0.09 SD) particularly compared with nucleotide diversity in the northern clade (0.95 Ϯ 0.62%). Between those 2 clades, average pairwise divergence of haplotypes was 2.53%. That value compared with an average divergence of 11.75% between haplotypes from the Alor-Yamdena clade, representing M. adversus, and the Australia-PNG clade.
Phylogenetic analysis of combined cytochrome-b and ND2 data.-To provide further resolution of the phylogeny of Myotis from Australian populations, cytochrome-b sequence data (266 bp) were obtained from the same set of individuals used in the ND2 analysis, with the exception of 2 individuals from southern QLD (SQLD4, SQLD5). Reliable cytochrome-b data were not obtained from the 2 individuals from Yamdena Island and Vanuatu, because of the presence of multiple amplification products or poor amplification. Those taxa were excluded from phylogenetic analyses. The ND2 and cytochrome-b data sets were homogeneous using a partition homogeneity test (Farris et al. 1995) implemented in PAUP (version 4). The 2 data sets were combined, providing 587 bp of aligned DNA sequence of which 107 bp were phylogenetically informative.
Parsimony analysis resulted in 2 minimal trees of length 293, with the 2 trees only differing by the position of the haplotypes from mid-NSW populations (Fig. 3B) . A maximum-likelihood tree (length 2,048.06) based on the HKY-85 model and an estimated transition : transversion ratio of 3.13
showed an identical tree topology to that presented in Fig. 3B . The parsimony and maximum-likelihood trees showed a similar overall structure to the ND2 parsimony tree, but the former contained higher bootstrap values at the internal nodes of the tree, with the exception of a branch leading to the southern Australian mtDNA clade (bootstrap ϭ 87%; Fig. 3B ). The northern clade was found in 97% of bootstrap pseudoreplicates. Within the northern clade, the NQLD and Western Australian haplotypes were each reciprocally monophyletic with high bootstrap support (Ͼ95%). The southern clade in the combined ND2-cytochrome-b analysis showed little additional structure compared with the ND2 tree, with the exception of a group containing the 2 mid-NSW haplotypes supported by 77% of bootstrap pseudoreplicates.
Geographic distribution of the 2 Australian mtDNA clades. -Kitchener et al. (1995) examined 2 southern QLD specimens (JM2838 and JM9303) and defined them as M. moluccarum. The sample JM2838 was caught from Brisbane (27Њ28ЈS, 153Њ01ЈE), the currently identified southern limit of M. moluccarum. We were unable to amplify the ND2 sequence from that specimen. Our initial sequence analyses of ND2 and cytochrome-b from 5 southern QLD individuals revealed that all had haplotypes from the southern mtDNA clade, contrary to expectations from morphology. Given the possibility that moluccarum and macropus may be sympatric in southern QLD, we examined 9 additional samples (fresh wing-punches) from 8 southern QLD locations between Rockhampton and the QLD-NSW border. Short regions (ϳ135 bp) of the ND2 gene also were successfully PCR amplified, using the primers M261/M262, from DNA extracted from 7 museum specimens from localities along the QLD and NSW coastlines, including the moluccarum specimen JM9303 (Table 1 ). An additional sample from the Riversleigh population in northwestern QLD (NWQLD) also was included.
By mapping character states on the ND2 phylogeny using the program MacClade (Maddison and Maddison 1992) , a synapomorphic character (C at position 61) in an MslI restriction site of the short ND2 fragment (M261/262) was found to be diagnostic of the northern ND2 haplotype clade. Digestion of the M261/262 amplification products from northern clade haplotypes with MslI resulted in 2 fragments (65 and 70 bp). PCR products from southern clade haplotypes, containing A at position 61, remained uncut (135 bp). The 17 additional samples were PCR amplified with the primers M261/262 and screened for the presence of the MslI restriction site. Amplified product from specimens WA4 and NWQLD2 were used as positive controls for the MslI digestion. All samples were uncut after the MslI digestion, with the exception of the 2 positive controls and the additional NWQLD sample, implying that only southern clade haplotypes occurred in bats from SQLD, MQLD, NNSW, and MNSW populations. To verify that the result was not caused by a failure of the DNA to properly digest with MslI, haplotypes from MQLD, SQLD (JM9303), NNSW, and MNSW populations were sequenced from the M261 primer. Sequence data verified the absence of a MslI site (T at position 61) and presence of 2 additional synapomorphic sites (A at position 60 and A at position 97) that are diagnostic of the southern ND2 haplotype clade.
DISCUSSION
Evidence for the presence of M. adversus (sensu Kitchener et al. 1995) in NSW.-The mtDNA sequence (ND2 and cytochrome-b combined) from the NSW specimen AM 13250, identified as M. adversus by Kitchener et al. (1995) , is identical to haplotypes from South Australia and southern QLD. Phylogenetic analyses place it in the southern Australian clade. Constraint trees where the AM 13250 haplotype was forced into a monophyletic group with the Indonesian haplotypes were significantly longer than the most parsimonious arrangement of the haplotypes. Therefore, these data do not support a hypothesis that the NSW specimen (AM 13250) is conspecific with M. adversus in Indonesia. All other NSW specimens examined in our study contained a southern clade haplotype, providing further evidence that an adversus-like taxon is not present in NSW.
This result is not entirely surprising given the disjunct distribution of adversus proposed by Kitchener et al. (1995) , which would require Ն2 separate invasions of Myotis into Australia and extinction of populations of M. adversus between NSW and Indonesia. However, it is unclear why the discriminant-function analyses of morphology placed the NSW specimen in a group containing Indonesian M. adversus. We originally considered the possibility that the specimen AM 13250 resulted from hybridization between 2 species (sensu Kitchener et al. 1995) of Myotis in the NSW region, leading to its distinctive morphology. Based on the distribution of the southern and northern mtDNA clades, we have been unable to establish that 2 species of large-footed Myotis are present in northern NSW. The possibility that AM 13250 is a hybrid remains uncertain.
Species boundaries in large-footed Myotis.-Phylogenetic analyses showed the presence of 3 monophyletic groups of haplotypes, with high bootstrap support (Ͼ86%), representing northern and southern Australian populations and Indonesia. Divergence between haplotypes from the Indonesian and Australian populations was high (ϳ11.8% for ND2 and ϳ12.2% for cytochrome-b) and comparable to species-level divergences for cytochrome-b among bats of the genera Chiroderma (4.1-15. 3%-Baker et al. 1994) and Phyllostomus (7.0-13.4%-Van Den Bussche and Baker 1993) . In contrast, average divergence of haplotypes between southern and northern clades was low (ϳ2.5% for ND2) and less than the divergence between 2 proposed subspecies of M. adversus on Yamdena (tanimbarensis) and Alor (adversus) islands (ϳ5.4% for ND2). In addition, the geographic distribution of the southern and northern clades is not concordant with the distribution of M. moluccarum and M. macropus defined by Kitchener et al. (1995) . In their analyses, all specimens collected along the eastern coast to southern QLD were identified as M. moluccarum, yet we failed to detect a northern clade haplotype in all populations south of Townsville. Most importantly, our data included a museum specimen (JM9303) identified as M. moluccarum by Kitchener et al. (1995) and 2 samples from near Townsville that were well within the range of M. moluccarum. Therefore, our results cannot be explained by the potential absence of ''true'' moluccarum in our sample.
One possible explanation for our results is that southern clade haplotypes have introgressed into the range of moluccarum in QLD, as shown in other mammals (Cathey et al. 1998; Gyllensten and Wilson 1987) . Extensive introgression of mtDNA into the range of moluccarum would imply considerable hybridization with macropus and would question their status as species. Genetic data from nuclear markers are required to further investigate this possibility. A 2nd explanation for the discordance in mtDNA and morphology is that morphologic characters used to distinguish moluccarum and macropus, which include size differences for skull, dentary, dental, and external features, are influenced strongly by the environment and do not entirely reflect genetic relationships between populations. This possibility might explain the apparent presence of M. adversus in NSW that also was not concordant with the mtDNA data.
Overall, the mtDNA data support the presence of a species of Myotis in Australia that is distinct from M. adversus in Indonesia, but it remains doubtful whether macropus and moluccarum should be regarded as separate species. Until additional morphologic and genetic data from nuclear markers can be gathered, we suggest that a conservative classification of Australian populations of large-footed Myotis as a single species, distinct from M. adversus in Indonesia, should be made. Such a classification would be consistent with the currently available morphologic and mtDNA analyses. The name M. macropus (Gould, 1855) is senior to M. moluccarum (Thomas, 1915) , so we propose that M. macropus be used for populations of large-footed Myotis in Australia. The mtDNA and morphologic data indicate that this species is present in PNG.
Strong support for monophyly of all Australian and 1 PNG mtDNA haplotype (Ͼ97% bootstrap value) and similarity of their haplotype sequences (Ͻ2.5% divergence) suggest that all extant Australian populations originated from a single ancestral species of Myotis that colonized Australia from the Orient. Species subsequently diverged within Australia and PNG, probably as a result of long-term isolation of 2 populations in the south and north of the continent. Interestingly, presence of southern and northern intraspecific mtDNA clades has been reported for a number of species with a distribution along the eastern Australian coast (e.g., grasshopper Caledia captiva- Marchant et al. 1988; bat Rhinolophus megaphyllus-Cooper et al. 1998; frog Litoria fallax-James and Moritz 2000) . The interclade distances in each case suggest a relatively recent population divergence, possibly during the Late Pliocene or Pleistocene. However, the boundary between northern and southern mtDNA clades of M. macropus possibly occurs north of Townsville and does not appear to coincide with the boundaries in C. captiva, R. megaphyllus, or L. fallax in southern QLD, suggesting different evolutionary forces.
Within the northern haplotype clade, some population substructure was evident, with haplotypes from NQLD and Western Australia forming monophyletic groups with high bootstrap support (Ͼ95% in the combined analysis) to the exclusion of haplotypes from NWQLD and PNG (Fig. 3B) . These data are not concordant with the sub-species status of populations, in which Western Australia-PNG populations were classified as M. m. moluccarum and QLDNorthern Territory populations were classified as M. m. richardsi subsp. nov. (Kitchener et al. 1995) .
Two species of Myotis in Papua New Guinea.-One specimen we examined from PNG (AM 15111) was previously identified as M. moluccarum (Bonaccorso 1998; Flannery 1995) . Phylogenetic analyses show that it has a divergent mtDNA haplotype and is not closely related to either adversus in Indonesia (Ͼ12.9%) or the Australian-PNG Myotis clade (Ͼ10.1%), but groups with these taxa to the exclusion of M. horsfieldii (bootstrap support ϭ 89%; Fig. 3B ). In the most recent study of the mammals of New Guinea (Bonaccorso 1998) , only 1 species of Myotis (M. moluccarum) was recognized. Analysis of the mtDNA data suggests that specimen AM M15111 represents a potentially new species of Myotis in PNG and requires morphologic reassessment.
